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Introduction
In x Ga 1-x N quantum well (QW) structures are the foundation for many present-day optoelectronic devices such as light-emitting diodes (LEDs). The gradual shift towards highefficiency semiconductor lighting solutions is evidence of the substantial impact III-nitrides have had internationally since the demonstration of the first high brightness LED by Nakamura et al. [1] . Despite their widespread adoption in LED applications, III-nitride alloys still suffer from a plethora of material issues arising from heteroepitaxial growth on foreign substrates [2] . Chief amongst these is perhaps the presence of threading dislocations (TDs) which are the source of undesirable effects in LEDs such as large reverse bias leakage current [3] and non-radiative recombination [4] , [5] . TDs have also been shown to open up into inverted pyramidal defects known as 'V-defects' [6] though it has been suggested that these defects might not be deleterious in nature [7] , [8] , [9] .
In this study, we report the investigation of the cause of inhomogeneous electroluminescence (EL) which is occasionally observed in c-plane InGaN/GaN LEDs [10] , [11] , [12] . Specifically, we will investigate here LEDs which exhibit luminescent features of higher brightness than the surrounding material on application of a bias. Using multiple microscopy techniques to study these features has allowed us to correlate local emission properties in the LED to micro and nano-scale structural features and thus elucidate the cause of the inhomogeneous EL.
Materials and Methods
The LED structures were grown by low-pressure metalorganic vapour-phase epitaxy (MOVPE) in a Thomas Swan 6 × 2-inch closed-coupled showerhead reactor. The structure studied consists of a low dislocation density (TD density ca. 5x10 8 cm -2 ) GaN template on sapphire with a 2 µm layer of undoped GaN followed by a 3 µm layer of silicon-doped GaN, a 5 period InGaN/GaN multiple quantum well (MQW) region (well width = 3.9 nm) with unintentionally doped GaN barriers (7.6 nm), a magnesium doped AlGaN electron blocking layer (20 nm) and a magnesium-doped GaN cap layer (117 nm). The thicknesses of the QW layers were determined from X-ray diffraction (XRD) measurements following the procedure of Vickers et al [13] . The QWs were grown using the twotemperature -"2T" -method described by Oliver et al. [14] , in which reference full details of the growth of the LEDs may be found. The LEDs were 1×1 mm 2 side-contacted devices with interdigitated electrodes: processing and fabrication details have been described by Wallace et al [12] . The LEDs described in these two papers have a different QW thickness and do not display the same EL inhomogeneity reported here.
Images of the LED surfaces under application of a forward bias were taken in a Signatone S-1160 probe station. A total of 64 devices were imaged at different locations on the processed wafer.
EL hyperspectral images were collected in order to characterise the local optoelectronic properties at the inhomogeneities using a modified Cameca SX100 electron probe micro-analyser with a custom built cathodoluminescence set-up. EL measurements were performed with the electron beam blanked at a forward bias of 3V and detected via an 8 µm diameter pinhole in the collection path that enables a spatial resolution of approximately 3 µm.
Scanning electron microscopy with cathodoluminescence (SEM-CL) was performed on an FEI XL30 field emission gun SEM operating at 10 kV at room temperature in panchromatic mode. Sample preparation for transmission electron microscopy (TEM) was performed using a dual beam focussed ion beam (FIB)/SEM FEI Company™ Helios Nanolab™ equipped with an Omniprobe Autoprobe™ 200 micro-manipulator using a standard in-situ lift-out procedure. The prepared samples were studied by scanning-TEM (STEM) using an FEI Company ™ Tecnai Osiris with an extreme-FEG (X-FEG) at 200 kV, with energy dispersive X-ray (EDX) spectra recorded by four silicon drift detectors forming a solid angle greater than 0.9 sr to determine the chemical identities Simulations of the LED under application of a forward bias were performed using the Crosslight APSYS simulation package which self-consistently computes the carrier transport equations with a quantum-mechanical model for photon emission from the QWs, with material parameters taken from Piprek [15] 3. Results A typical probe station EL image of an LED under a forward bias of 3V is shown in Figure 1a ). Bright features can be seen randomly distributed across the device. The number of bright features per LED was determined through the analysis of images taken from the EL of 64 different LEDs. The number of features observed per device varied along the [1-100] GaN direction, but not along the [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] GaN direction, as shown in Figure 1 b). The [1-100] GaN direction corresponds to the radial direction on the susceptor during device growth.
EL hyperspectral imaging was performed on several areas containing bright features to characterise their emission properties. Fig. 2 shows a representative data set. The features observed are of higher brightness, spectrally blue-shifted and broadened relative to the featureless background. The diameter of the observed features is typically between 5 -10 µm. The features were also apparent when imaged in SEM-CL: concentric ring-like features of alternating high and low CL intensity were observed in the panchromatic CL image and in the concurrently recorded SEM image hexagonal pits were observed at the centre of approximately 20 % of 765 features surveyed using this method. An example is shown in Fig. 3 where the location of the pit can be seen to be surrounded by a region of highly emitting material approximately 1µm across, followed by a ring of low CL intensity. The identification of a hexagonal pit at the centre of our emission features allowed for the preparation of a TEM specimen by FIB lift-out of the centre of the feature with high accuracy. The hexagonal defect was visible during the milling process, providing a useful marker of the region of interest in the TEM lamella.
STEM-EDX was performed on an area of the lamella containing a portion of the defect in order to ascertain any compositional changes the defect may have induced in the LED structure. Fig. 4 b), c), d) show the compositional analysis of the EDX mapping in the area delineated by the red dashed line Fig .4a ). In the indium (In) and gallium (Ga) maps (Figs 4 b) and d) ) we see that the InGaN QWs are significantly disrupted by the hexagonal defect. Additionally, we observe the Al signal overlapping with the QW In signal, and the penetration of In below the QW stack along the slope of the pit.
Figure 4: a) HAADF-STEM image of defect disrupting the active region of the LED structure, (150 nm scale bar). CliffLorimer analysis of the ternary composition: b) Ga composition c) Al composition and d) In composition.
In order to investigate what defects are associated with the hexagonal defect, weak beam dark field TEM was performed on the sample showing the presence of several looping dislocations, shown in Fig. 5 . 3. Discussion Fig. 4(c) shows the distortion of the active region layers due to the presence of a V-defect. We investigated the mechanisms by which the presence of the AlGaN laterally adjacent to the InGaN QWs associated with this hexagonal defect could influence the EL properties of the LED through the use of numerical simulations as described in [16] . The LED structure was simulated with similar dimensions to our devices, with the presence of the hexagonal defect simulated, as shown in Fig.6 .
Origin of EL Inhomogeneity
The results of the simulation are shown below in Fig. 7 . We find that the presence of the hexagonal defect does indeed result in an area with a high radiative recombination rate adjacent to the defect. The mechanism behind this effect can be ascertained by examining the electron and hole concentrations across the active region in area neighbouring the inclusion (red lines in Fig 7) and further away (black lines in Fig 7) . The electron concentration (Fig 7 c) close to the inclusion remains largely unchanged relative to the surroundings, whereas the hole concentration in the deepest QW (Fig 7 (d) ) is greatly enhanced, resulting in the enhanced radiative recombination rate as shown in Fig.  7 . b) As such, the numerical simulation suggests the presence of this type of inhomogeneity in the EL can be ascribed to the increased hole injection in the local area surrounding the defect due to the influence of an effective lateral heterojunction being formed in the MQW as a result of the presence of AlGaN in the hexagonal defect. This interpretation is supported by the hyperspectral EL data shown in Fig.2 : the spectral blue shift observed in Fig. 2 (c) and the emission line-width broadening observed in Fig. 2 (d) both of which may be due to valence band filling near the V-pit by the excess hole concentration. Whilst variations in strain and composition around the pit could also influence the blue-shift, we note that the blue shift in EL is low at small injection currents and rises with increasing current, which supports the suggestion drawn from the model that this is a key effect. It is however important to note that the contribution of the bundle of TDs to local conductivity [8] , [17] has not been incorporated in this model. We also note that the lateral dimension and relative brightness of the feature depend on the p-doping of the AlGaN sidewalls of the defect, however the feature is present across a range of dopant concentrations examined in our model.
Origin of the Hexagonal Defect
Typical V-defects are associated with a single TD [18] , and are known to be present at all TD sites in QW samples of the type presented here, initiating at the first QW, but are filled on p-capping. The hexagonal defect we discuss is not a typical V-defect since it is associated with a bundle of threading dislocations (Fig 5) . This bundle of TDs might be attributed to vertical side facets in GaN grains [19] during the original growth of the GaN template on sapphire. Dislocations tend to bend towards island side facets and then on coalescence may annihilate one another or propagate upwards in a bundle [19] . A similar effect is also seen in epitaxial laterally overgrown (ELOG) GaN samples at the coalescence boundary of the ELOG wings [20] . Thus, one explanation of our observation of large hexagonal pits would be imperfect coalescence at grain boundaries resulting in a cluster of dislocations nucleating this form of defect. Although such hexagonal pits are only observed in approximately 20% of the bright features examined in the SEM-CL, it is possible that other similar pits fill up during the growth of the final p-GaN cap [8] . This is consistent with the data shown in Fig.  2 . since temperature gradients often arise in the MOVPE reactor along the direction in which the number of high brightness features per LED device varies, and such a temperature gradient could lead to variations in the rate of island coalescence [21] and hence to the number of hexagonal pits occurring. This result shows that, even if the average dislocation density is relatively low, nonuniformity in their distribution can still severely degrade the electroluminescence of InGaN/GaN LEDs.
Conclusions
In conclusion, we have studied both the spectral and structural properties of bright features in the electroluminescence of c-plane InGaN/GaN MQW LEDs. Hyperspectral EL hyperspectral images reveal that the features are not only brighter than the background, but spectrally blue-shifted and broadened. STEM-EDX shows the presence of Al penetrating through the active region due to the hexagonal defect. Simulations performed suggest that the mechanism behind the bright features is the enhanced injection of holes to the active region due to the AlGaN inclusion, but it is important to note that other mechanisms may also make significant contributions to the predicted effects. WBDF-TEM imaging was used to show the presence of multiple dislocations associated with the apex of the Vdefect, suggesting the bright features appear at coalescence boundaries. Overall, our analysis suggests that careful control of GaN template growth at the coalescence stage is key to avoiding such lateral inhomogeneity in the EL from these devices.
